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PRESSURE DATA FROM A 64A010 AIRFOIL. AT TRANSONIC SPEEDS IN
HEAVY GAS MEDIA OF RATIO OF SPECIFIC HEATS FROM 1.67 to 1.12
By Anthony R. Gross and Frank W. Steinle, Jr.
Ames Research Center
SUMMARY
A wind tunnel investigation has been performed at Mach numbers from
0.6 to 0.9 to determine the wake drag characteristics and pressure dis-
tributions of a NACA 64A010 airfoil in air and in heavy gas test media
with ratio of specific heats (y) from 1.67 to 1.12. The model was tested
at angles of attack from -1 to 12 degrees over a range of chord-based
Reynolds numbers from 2 x10 6 to 6 x 106.
Analysis of test results shows qood agreement between data derived
in air and data derived in heavy gases up to the Mach number at which com-
pressibility effects become important in air. Above this Mach number
agreement is encouraging but not completely resolved. Application of
established theory for transonic similarity to the heavy gas results pro-
duces significant, but less than satisfactory, improvement in agreement.
Data obtained in air and in an argon--Freon 12 ga y, mixture designed to
have a y = 1.4 s'iow generally good agreement throughout the Mach number
range of investigation.
INTRODUCTION
Within the past decade, severe problems (both technical and economic)
have been encountered in predicting the aerodynamic characteristics of
modern, high subsonic and transonic speed aircraft from wind tunnel test
results extrapolated to flight Reynolds number. These differences have
been largely attributed to deficiencies in the scaling of the viscous
boundary layer on the wind tunnel models and uncertainties of modeling
the behavior of the shock-boundary layer interaction as the "Reynolds
number gap" between tunnel and flight is widened. Recently, considerable
effort has been expended towards developing increased high Reynolds num-
ber test capability. Included in these efforts are new test techniques,
improved wall-interference computations, construction of new test facili-
ties, and the use of heavy gases in existing facilities.
The modification of existing facilities to use heavy gases, such as
Freon 12, in place of air has the attraction of increasing the Reynolds
number about three--fold at half the drive power for a given Mach number
y.
i
and total pressure. For example, this would produce a potential increase
in Reynolds number per meter of from 26.25 million to 78.75 million at a
Mach number of 0.9 in the Ames Research Center's 2- by 2-Foot Transonic
r
Wind Tunnel.
Whereas static aerodynamic data obtained in Freon 12 at subcritical
conditions has been shown to be aerodynamically reliable, there is reason
to believe that at transonic speeds the deviation of the ratio of specific
heats (y) from that of air (y = 1.12 and 1.4, respectively) results in an
adverse effect on data reliability (reference 1). In order to investigate
this assumption, a NACA 64A010 airfoil model has been tested at transonic
speeds at Mach numbers from 0.6 to 0.9 in heavy gas media of y from 1.67
to 1.12. Wake drag characteristics and pressure distributions have been
determined for the model for angles of attack from -1 to 12 degrees over
a range of chord-based Reynolds numbers from 2 x 10 6 to 6 x 106.
Presented herein are the results of this investigation with a mini-
mum of analysis.
NOMENCLATURE
Because of the limitations in the computer notation system for plot-
ting the data, conventional aerodynamic symbols have been replaced by
plot symbols in the data figures as noted below.
Plot
Symbo l 	Symbol	 Definition
c	 airfoil chord, m
CD
	CD	 drag coefficient, drag per unit span/qc
CD(CL ` 0) CDCLO	 drag coefficient at zero lift coefficient
CL	CL	 lift coefficient, lift per unit span/qc
CL	CLALFA
	
derivative of lift coefficient with respect
a	 to alpha at zero lift coefficient
Cm	 CLM	 pitching moment coefficient, pitching moment
per unit span /qc2
Cp	 CP	 pressure coefficient, pl - P.
2
K	 transonic similarity scaling factor
`	 M	 MACH	 freestream Mach number
Ma	 Mach number in air
E-
Mts	 air-equivalent Mach number, from applicatirn
of the transonic similarity rule
p	 static Fressure, N /m2
q	 freestream dynamic pressure, N /m2
'	 Rn/c	 RN	 Reynolds number based on chord, million
x	 coordinate measured parallel to airfoil
chord, m
t	 maximum airfoil thickness, m
`	 a	 ALPHA	 angle of attack, deg
Y	 GAMMA	 specific heat ratio





2	 heavy gas medium
r
TEST FACILITY
The Ames 2- by 2--Foot Transonic Wind Tunnel is of the closed--return,
variable-density type with a 0.61-meter (2-foot) square test section
(figure 1). The tunnel drive system is composed of a two-stage axial-
flow compressor driven by four 1000-horsepower water-cooled induction
orators. The test section has variable--permeability, 21% open porous-
slotted walls with a surrounding plenum chamber and suction provided by
both a 2.365 and 11.815 meter 3 per second (5,000 and 25,000 cubic feet










Continuous variation of the test section Mach number from 0 to 1.4
is provided through control of the main drive compressor speed and adjust-
ment of both the flexible nozzle walls and the floor-tu-ceiling angle.
The tunnel stagnation pressure range is variable from 1/3 to 3 atmospheres
absolute. Maximum Reynolds number available in air is approximately 26.25
x 10.6/meter (8 A 10 6 per foot) at a test section Mach number of 0.9.
This facility has undergone several modifications to permit two-
dimensional testing and for this investigation, to permit testing in gas
media other than air. These modifications include the addition of motor-
ized, rotating, thick-glass, model supporting side windows mounted in
unventilated, plane side walls, the incorporating of a programmable wake
survey rake system, and the addition of a heavy gas system. The heavy
gas system includes provisions for separating the heavy gas from the main
axial fan and motor bearing lubrication system, for heavy gas supply and
venting, and for measuring gas mixture properties.
MODEL DESCRIPTION
The model tested in this investigation was a NACA 64AO10 airfoil
which spanned the test section. The .1524 meter (6-inch) chord model was
instrumented with 24 pressure orifices on the upper surface and 22 ori-
fices on the lower surface. Airfoil ordinates and orifice locations are
tabulated in table 1. An installation photograph of the model and the
wake survey rake is shown in figure 2.
TESTING AND PROCEDURE
Air, argon, Freon 12, and a mixture of argon and Freon 12 were used
as the various test media to provide for y values of 1.4, 1.67, 1.12 and
1.4, respectively. The matrix of test conditions is presented in table 2.
Test conditions spanned sub-critical, critical and super-critical Mach
numbers for the airfoil.
Boundary layer transitioi to turbulent conditions on the model was
artifically induced through the use of 0.254 mm (0.01 inch) wide strips
of 0.104 mm (0.0041 inch) nominal diameter glass beads placed on the
upper and lower.surfaces at the 6.1 perce pt chord station. Bead diameter
was selected in accordance with the recommendations of reference 2. Tran-
sition strip effectiveness was verified through the sublimation technique.
Angle of attack variation was accomplished by rotating the windows
in the test section side walls to which the model was attached. The
model was aligned with the flow to produce CL = 0 at zero angle of attack.
4
Three 24-port scanning valves were used to measure the model surface
pressures and three 48-port scanning valves were used to measure the
total and static pressures in the wake. Wake total and static pressures
were sensed through the use of an 82-tube traversing rake which was pro-
grammed to provide total pressure readings every I.3 mm (0.050 inch) and
static pressure readings every-25.4 mm (1.0 inch) across the wake of the
model.
DATA REDUCTION
In addition to the customary stagnation temperature and pressure
and the test-section static pressure measurements, the determination of
the test gas composition which is necessary for calculatior of the wind
tunnel flow parameters requires measurement of total gas density, air
content (determined by oxygen content) and water vapor content. Addi-
tional instrumentation was developed for these nonstandard measurements.
The wind tunnel test mixture composition is determined from direct
measurements of air and water vapor fractions and computed fractions of
argon and Freon 12. These computations are based on the total gas den-
sity measurement, adjusted for air and water vapor, and the virial form
of the equation of state for argon and Freon 12. Estimated accuracy is
± 1.0%.
Significant real-gas effects associated with the use of Freon 12
as a wind tunnel test medium preclude the use of the normal ide7,1 gas
model for the computation of flow parameters. The van der Waal, gas
model was chosen instead to model the non-ideal gas properties for the
calculation of flow parameters.
Section aerodynamic force and moment coefficients are obtained from
the model surface and momentum rake measurements in the normal manner for
two-dimensional airfoils. Pressure integrations were performed using the
trapezoidal rule.
The two--dimensional transonic similarity rule of vo. Karman, in a
form due to Spreiter (ref. 3), has been used to compare test results
obtained in Freon 12 with those obtained in air. For the present case of
an airfoil tested in air and in a heavy gas medium, the Mach numbers for
transonic similarity in the heavy gas are determined from the following
relation:
I - Ma	 1 - Mts
`	 (2.4 Mai %3	 [(Y2	 1) Mts1 I3
.i
5
The pressure coefficient Cp ts (Cp obtained at Mts, Y2) is then scaled to
the reference Cp condition in air in accordance with
i Y
Cp = K Cpts
	
(Y2 +l) Mts 1/3
where K =
2.4 Ma
Values of Mts, and the corresponding values of 11, for several values of
Y2 and Ma are listed in table 3.
Based on transducer performance and on the estimated accuracy in
mixture composition (1%) the precision of the data is estimated to be
within
Y ± . 03	 Cp	 .0064
M"' ± .009	 a	 .06°
RESULTS AND DISCUSSION
A complete index to the data figures is given in table 4. Because
the argon/Freon 12 test gas media was contaminated during tunnel opera-
tion by significantly varying amounts of air, Y varied somewhat from the
respective 1.67 and 1.12 values. Tabulated in table 5 is a list, by
data set and Mach number, of the competed values of Y corresponding to
the plotted test results. Basic pressure and section coefficient data
are presented in figures 3 through 10. In the following discussion
attention is centered primarily on the comparison data presented in fig-
ures 11 through 14 and the summary comparisons given in figure 15.
As shown in figures 11 and 12, at subcritical Mach numbers the
agreement between pressure distribution data for the non-lifting condition
acquired in air and corresponding data from the heavy gas media is quite
good. However, some differences in the pressure distribution over the
aft portion of the airfoil are evidenced between data derived in air and
argon. These differences may be due to slight differences in boundary
layer development and/or lift.
The comparison of air and argon data in figure 11 at the super-
critical Mach numbers .832 and .829, respectively, shows very good agree-
ment. On the basis of transonic similarity this agreement is somewhat
perplexing since, from table 3, the argon data would be expected to be
very similar to air data at Macro number .838. With this in mind, an
examination of the variation of drag with Mach number (figure 15) would




However, comparison of the drag measurements reveals considerably less
than .003. The reason for this discrepancy has yet to be determined.
The pressure data in figure 11 appear as if Mach number.829 in argon is
the air equivalent Mach number .832. This would require r to be of the
order 1.5 as compared with the measured value, 1.616. It is felt that
such a difference is outside the range of experimental error. An alter-
nate and more likely possibility is wall interference effects altering
the pressure distribution. Some inference to this possibility can be
drawn from the variation of lift-curve slope with Mach number, presented
in figure 15. lift-curve slope peaks near Mach number .82 and rapidly
falls off with increasing Mach number to near zero. This abrupt change,
in part, may be due to the sonic-line reaching the tunnel boundary and
therefore changing its character. Obviously, such a postulation will
require further verification before it can be accepted and therefore the
above discrepancy between air and argon remains unresolved.
The comparison in figure 12 of air and Freon 12 data at Mach numbers
.820 and .823, respectively, shows considerable differences. It is in-
ferred that these differences are primaril l
 due to y effects. Because
data in Freon 12 were not obtained at the transonic similarity Mach
number for air at Mach number .820, it is not possible to verify Y effects
on a direct basis. However, at Mach numbers . 832 and .843 for air and
Freon 12, respectively, a comparison on the basis of transonic similarity
is available i n figure 13a which supports this contention.
As can be seen, the general agreement of the air and Freon 12 re-
sults on an as-run basis at transonic similarity Mach number conditions
is considerably improved. Further adjusting the test results to account
for the full effects of transonic similarity is seen in figure 13b to
afford only slight improvement.
The comparison of data obtained in air and in an argon - Freon 12 mix-
ture having a ratio of specific heats equal to that of ail- at closely sim-
ilar test conditions (example, figure 14) shows generally good agreement.
CONCLUDING REMARKS
A NACA 64AOIO pressure-instrumented airfoil has been tested at tran-
sonic speeds over a range of angle of attack from -1 to 12 degrees at
various Reynolds numbers ranging from 2 to 6 million in air, argon, Freon
12, and a mixture of argon and Freon 12 having a ratio of specific heats
corresponding to air.
Good agreement of results is obtained for conditions where compres-
sibility is not significant and for the air and comparable argon-Freon 12
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transonic similarity, show improved, but less than desired agreement. It
is anticipated that further improvements in heavy gas-air agreement will
be realized through the use of numerical transonic computations coupled
with suitable boundary layer calculations to account for differences in
displacement thickness producing different effective airfoil thickness.
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L.E. radius: 0.687 percent chord
T.E. radius: 0.023 percent chord
(Airfoil dimensions are given in percent of airfoil chord)
9
TABLE 2. - MATRIX OF TEST CONDITIONS
Gas Medium
Gamma (Nominal)
Reynolds Number x 106
Mach Number range





2.0, 2.5 5 3.0,	 2.0, 3.0, 4.0
3.45, 3.75, 4.0
0.6 to 0.9	 0.6 to 0.85
-1 to 12	 -1 to 12
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0.61m x 0.61m (2 ft x 2 ft)
Adjustable baffled slots, floor and ceiling.
Motorized, rotating thick glass discs for full span model mounting.
	 t
Schlieren capability.
0.6 to 0.95 in two-dimensional configuration (continuously variable).
Approxima'ely 0.5 x 10 6 to 4 x 10 6 based on 15.2 cm (6 in.) chord (pressure variable).
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aAIR	 AIRFOIL  LOWER SURFACE	 C RL ABOG )
	
ALPHA	 Y	 MACH	 PARAMETRIC VALUES
	














AIR	 AIRFOIL LOWER SURFACE
	
f RLABOG]
SYMBOL ALPHA	 Y	 MACH	 PARAMETRIC VALUES


















0	 .1	 .2	 .3	 .4	 .5	 .6	 .7	 .8	 .9	 1.0
X/C














AIR	 AIRFOIL  LOWER SURFACE


























0	 .1	 .2	 .3	 .4	 .5.6
	 .7	 .$	 .9	 1.0
X/C
	
FIG. 3	 BASIC DATAo PRESSURE DISTRIBUTIONS IN AIR
	PAGE 	 125
AIR	 AIRFOIL LOWER SURFACE


















0	 .1	 .2	 .3	 .4	 .5	 .6	 :7	 .8	 .9	 1.0
X/C













AIR	 AIRFOIL LOWER SURFACE 	 (RLA806)







































































SYMBOL ALPHA	 Y	 MACH




















AIR	 AIRF©LL LOWER SURFACE	 CRLAR06?
SYMBOL. ALPH A	Y	 MACH	 PARAMETRIC VALUES
0	 -.567







u	 .1	 b	 .'/	 .b	 .y	 1.0
X/C
































ATR	 AFRFO+IL LOWER SURFACE	 CRLAB063
	

























	0 	 .1	 .2	 .3	 .4	 .5	 .6	 .7	 .8	 .9	 1.0
xrc














AIR	 AIRFOIL LOWER SURFACE	 (RLABOG)
	SYMBOL ALPHA	 Y	 MACH	 PARAMETRIC VALUES
















AIR	 AIRFOIL LOWER SURFACE
SYMBOL ALPHA	 Y	 MACH













0	 .1	 .2	 .3	 .4	 5	 .6	 .7	 .8	 .9	 1.0
X/C
	FIG. 3	 BASIC DATA, PRESSURE DISTRIBUTIONS IN AIR
	
PAGE	 134
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FREON 12
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	FREON 12	 AIRFOIL LOITER SURFACE
	
EELAB25]
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ARGON-FREON 12 AIRFOIL LONER SURFACE 	 CRLA8221
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ARGON-FREON 12 AIRFOIL_ LOWER SURFACE	 C RL_AB221
	
SYMBOL ALPHA	 Y	 MACH	 PARAMETRIC VALUES
Q	 -.S52	 .000	 .820	 RN	 2.050












	6 	 .2	 .3	 .4	 .5	 .6	 .7	 .8	 .9	 1.0
X/C
































0	 .1	 .2	 .3	 .4	 .5	 .6	 .7	 .8	 .9	 1.0
X/C
F	 6 BASIC OATAs PRESSURE DISTRI BUTI ONS	 A N—FIG.	 ^ ^J E QIS IBII ION  IN RGO 	 REaN 12
	
PAGE	 214
ARGON—FREON 12 AIRFOIL LOWER SURFACE 	 LRLAB23)
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FIG, 7	 BASIC DATAP SECTION COEFFICIENTS IN AIR
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DATA SET SYMBOL CONFIGURA)• ION DESCRIPTION RN MACH
(BLA503) AIR	 AIRFOIL UPPER SURFACE 3.000 .602
1BLASIS3 AR60N	 AIRFOIL UPPER SURFACE 3.000 .603
( OLA603 ) AIR	 AIRFOIL LOWER SURFACE 3.000 .602


















DATA SET SYMBOL CONFIGURATION DESCRIPTION
(8LA803) AIR AIRFOIL UPPER SURFACE
(SLA8I51 ARGON AIRFOIL UPPER SURFACE
(OLA8031 AIR AIRFOIL LOWER SURFACE
















•	 FIG. 11	 COMPARISON DATAP PRESSURE DISTRIBUTIONS AIR US. ARGON
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iDATA SET SYMBOL CONFIGURATION DESCRIPTION RN MACH
(61-AS031
(BLAS24)
AIR	 AIRFOIL UPPER SURFACE





1ULAS031 AIR	 AIRFO IL LOWER SURFACE 3.000 .602








RATA SET SYMBOL C&%F IGURATIC-w CIESCRIPTION RN MACH
{ 8LAS23) AIR	 AIRFOIL  LPPER SURFACE 3.00 .820
I8LAS26) FREO+! 12	 AIRFOIL LIPPER SURFACE 2.850 .623
(OLAS23) AIR	 AIRFOIL LOWER SURFACE 3.000 .820
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FIG. 12 COMPARISON DATA, PRESSURE DISTRIBUTIONS AIR VS. FREON 12
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DATA SET SYMEM CONFIGURATION IE SCRIPTION
C13LAS033	 AIR	 AIRFOIL LIPPER SURFACE
C8LA8431	 FREON 12	 AIRFOIL UPPER SURFACE
COLAS031	 AIR	 AIRFOIL LOWER SURFACE
































DATA SET SYMBOL COW IGURATION DESCRIPTION RN MACH
(CLAA01) AIR AIRFOIL UPPER SURFACE 2.000 .800
(CLAA221 ARGON-FREON 12 AIRFOIL UPPER SURFACE 2.050 .802
(CLAB01) AIR AIRFOIL LOWER SURFACE 2.000 .800

































DATA SET SYMBOL COW ISURATION 13ESCRIPTION	 RN
I FLA003 1AIR	 3.000
ICLA015I	 ARGON	 3.000
IMLA0241	 FREON 12	 2.900
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FIG. 15	 SUMMARY COMPARISONSP AIR US. ARGON VS. FREON 12 VS. ARGON-FREON 12
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